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HIGHLIGHTS 


•  A  method  for  measuring  carbon  deposition  in  SOFC  anodes  in  situ  is  developed. 

•  Only  carbon  deposits  that  have  intimate  contact  with  nickel  can  be  gasified. 

•  >99.8  mass  %  of  carbon  with  residence  times  up  to  100  h  can  be  gasified. 

•  Quantification  of  gasified  carbon  shows  good  agreement  with  TGA  measurements. 

•  The  observed  effect  of  increased  steam  content  is  in  agreement  with  the  literature. 
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Previous  methods  to  measure  carbon  deposition  in  solid  oxide  fuel  cell  (SOFC)  anodes  do  not  permit 
simultaneous  electrochemical  measurements.  Electrochemical  measurements  supplemented  with  car¬ 
bon  deposition  quantities  create  the  opportunity  to  further  understand  how  carbon  affects  SOFC  per¬ 
formance  and  electrochemical  impedance  spectra  (EIS).  In  this  work,  a  method  for  measuring  carbon  in 
situ,  named  here  as  the  quantification  of  gasified  carbon  (QGC),  was  developed.  TGA  experiments  showed 
that  carbon  with  a  100  h  residence  time  in  the  SOFC  was  >99.8%  gasified.  Comparison  of  carbon  mass 
measurements  between  the  TGA  and  QGC  show  good  agreement.  In  situ  measurements  of  carbon 
deposition  in  SOFCs  at  varying  molar  steam/carbon  ratios  were  performed  to  further  validate  the  QGC 
method,  and  suppression  of  carbon  deposition  with  increasing  steam  concentration  was  observed,  in 
agreement  with  previous  studies.  The  technique  can  be  used  to  investigate  in  situ  carbon  deposition  and 
gasification  behavior  simultaneously  with  electrochemical  measurements  for  a  variety  of  fuels  and 
operating  conditions,  such  as  determining  conditions  under  which  incipient  carbon  deposition  is 
reversible. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFC)  are  high  temperature  (550— 
1000  °C)  electrochemical  devices  that  generate  combined  heat  and 
electricity  with  potential  system  efficiencies  nearly  double  that  of 
combustion  based  energy  systems.  SOFCs  can  consume  relatively 
low  cost  and  readily  available  fuels  such  as  methane.  Methane  can 
be  directly  fed  to  the  fuel  cell  together  with  steam  in  a  process 
called  direct  internal  reforming  (DIR),  which  improves  system  ef¬ 
ficiency  and  reduces  system  cost  compared  to  externally  reforming 
the  fuel  prior  to  its  use  in  the  fuel  cell  [1  ].  DIR  is  made  possible  by 
the  fact  that  part  of  the  SOFC  anode  is  commonly  composed  of  Ni,  a 
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material  frequently  used  for  industrial  steam  reforming  and 
cracking  catalysts  [2], 

Traditional  yttria-stabilized-zirconia  (Ni— YSZ)  anodes  are  sus¬ 
ceptible  to  coking  when  exposed  to  dry  hydrocarbon  fuels  at  SOFC 
operating  temperatures.  The  formation  of  solid  carbon  is  the  result 
of  an  imbalance  between  competing  formation  and  gasification 
reactions  [3],  Atomic  carbon  (CJ  deposits  originate  from  the 
dissociation  of  hydrocarbons  and  CO,  which  creates  various  mor¬ 
phologies  of  carbon  that  block  pores  and  reactive  sites  [4],  cause 
metal  dusting  [5,6],  bulk  expansion  [7],  and  fracturing  of  electronic 
and  ionic  conducting  pathways  [8],  Carbon  deposition  can  be 
suppressed  by  feeding  large  amounts  (>60  vol%)  of  steam  with  the 
fuel.  However,  large  steam  concentrations  reduce  the  Nernst  po¬ 
tential,  efficiency,  and  SOFC  performance.  External  steam  genera¬ 
tors  and  associated  water  storage  increase  system  cost  and 
complexity,  and  prevent  SOFCs  from  being  well-suited  for 
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transportation  and  remote  power  applications.  Therefore,  it  is 
useful  to  understand  how  Ni-based  anodes  perform  under  drier 
conditions. 

A  number  of  anode  material  sets  have  been  developed  to 
minimize  or  eliminate  carbon  deposition  from  directly  feeding  dry 
hydrocarbon  fuels,  including  using  precious  metals  such  as  Ru  with 
Ni  [9],  scandia-stabilized-zirconia  (ScSZ)  instead  of  YSZ  [10],  infil¬ 
trated  Cu  and  CeOx  [11],  ceramic-based  anodes  [12],  and  nickel/ 
gadolinia-doped-ceria  (Ni-GDC)  anodes  [13],  However,  many  of 
these  solutions  use  rare  earth  materials  that  have  increased  in  price 
over  recent  years  due  to  a  reduction  in  Chinese  export  quotas  [14], 
BaO  nanoislands  on  traditional  Ni-YSZ  anodes  have  been  shown  to 
promote  water-mediated  carbon  removal  reactions  that  create 
stable  electrochemical  performance  in  dry  C3H8  for  at  least  100  h 
[15].  However,  depositing  a  thin  film  of  BaO  on  metal  supported 
SOFCs  is  difficult  due  to  the  high  temperatures  required.  Thus,  in 
order  to  design  a  metal  supported  fuel  cell  with  Ni-based  anodes, 
an  understanding  of  coking  conditions  is  still  important.  Because 
operating  conditions  have  a  great  influence  on  coking  in  SOFC  an¬ 
odes,  a  technique  that  can  be  used  to  quantify  carbon  deposition 
while  operating  the  cells  at  various  conditions  is  of  great  interest 
for  aiding  in  the  design  of  more  robust  anode  compositions,  mi¬ 
crostructures,  or  operating  regimes.  The  technique  should  be 
applicable  to  nickel-based  anodes  as  well  as  to  anodes  that  either 
contain  decreased  amounts  of  nickel  or  only  alternative  materials, 
and  it  can  be  used  to  determine  the  effectiveness  and  stability 
against  coking  of  proposed  new  anode  compositions  or  designs. 

Tools  commonly  employed  for  carbon  deposition  studies 
include  thermogravimetric  analysis  (TGA)  [4,7,10,16],  evolved  gas 
analysis  (EGA)  [17—19],  and  Raman  spectroscopy  [20],  In  TGA 
setups,  it  is  difficult  to  provide  two  different  gas  streams  and  4 
electrodes  to  the  anode  and  cathode  while  minimally  disrupting 
the  mass  measurements,  and  Raman  spectroscopy  is  limited  to 
mapping  regions  in  which  carbon  is  prevalent,  as  opposed  to 
quantification.  However,  EGA  can  be  used  to  both  quantify  the  total 
carbon  and  to  characterize  the  morphology  using  temperature 
programmed  oxidation  (TPO)  [8,21-24]  or  hydrogenation  (TPH) 
[25], 

Quantification  of  carbon  in  situ  in  SOFCs  creates  the  opportunity 
to  gain  insight  into  the  relationship  between  carbon  deposits  and 
resulting  degradation  of  performance,  electrochemical  impedance 
changes,  and  anode  morphological  changes.  TPO  cannot  be  used  for 
in  situ  quantification  of  carbon  because  nickel  is  oxidized  in  addi¬ 
tion  to  the  carbon,  and  oxidation  of  nickel  causes  another  SOFC 
degradation  mode  known  as  redox  cycling  [26].  Additionally, 
thermal  cycling  that  results  from  repeated  TPO  or  TPH  would  also 
cause  cell  degradation.  As  a  result,  a  new,  less  destructive  method 
must  be  developed. 

A  specific  form  of  EGA,  defined  here  as  the  quantification  of 
gasified  carbon  (QGC)  method,  involves  feeding  a  carbon  gasifica¬ 
tion  agent  at  a  fixed  temperature  and  integrating  the  evolved  car¬ 
bon  mass  flow  over  the  gasification  period.  Gasification  occurs 
when  a  gasification  agent  is  introduced  via  the  reactions  listed  in 
Table  1. 


Table  1 

Carbon  gasification  reactions. 


(1)  C(s)  +  02  ^  C02 

(2)  2C(s)  +  02  =►  2CO 

(3)  C(s)  +  C02  =»  2CO 

(4)  C(s)  +  2H2  =•  CH4 

(5)  C(s)  +  H20  =>  CO  +  H2 

(6)  C(s)  +  2H20  =>  C02  +  2H2 


First,  different  gasification  agents  were  surveyed  for  their  pro¬ 
pensity  to  oxidize  nickel  and  applicability  to  the  QGC  method  using 
thermodynamic  calculations  and  experiments.  CO2  and  H2  were 
then  evaluated  for  their  ability  to  completely  gasify  carbon  with  up 
to  100  h  of  residence  time  in  the  SOFC  anode  prior  to  gasification. 
Next,  the  accuracy  of  the  QGC  method  was  assessed  using  coupled 
TGAEGA.  Finally,  in  situ  carbon  measurements  on  an  SOFC  at 
varying  molar  steam/carbon  ratios  (S/C)  were  determined  and 
found  to  match  well  with  trends  reported  in  the  literature,  thus 
further  verifying  the  QGC  method. 


2.  Experimental  procedure 

Three  sets  of  experiments  were  performed:  chemical  revers¬ 
ibility  of  deposited  carbon  after  100  h  (TGA),  validation  of  the  QGC 
method  (TGA— QGC),  and  in  situ  measurement  of  carbon  deposition 
(QGC-SOFC  test  equipment).  All  thermogravimetric  analyses  were 
performed  using  a  Setaram  Setsys  1750  CS  Evolution  TGA.  An 
external  manual  3-way  valve  was  installed  on  the  auxiliary  gas  port 
so  that  H2  could  be  used  with  either  CH4,  C2H6,  or  CO.  Ex  situ  masses 
were  measured  using  a  Mettler  Toledo  AB204-S/FACT  digital  bal¬ 
ance.  The  concentration  of  CO  was  measured  using  a  Thermo  Sci¬ 
entific  Model  48i  Gas  Filter  Correlation  CO  Analyzer  containing  an 
internal  volumetric  flow  meter.  Flow  rates  and  CO  measurements 
from  the  CO  analyzer  were  calibrated  using  a  gas  delivery  system 
produced  in-house  and  a  1%  CO/balance  N2  gas  bottle.  The  gas 
delivery  system  is  part  of  a  complete  SOFC  test  apparatus  also 
produced  in-house.  H2  was  generated  using  a  Parker  Balston  H2- 
800NA  electrolyzer,  and  all  bottled  gases  were  acquired  from 
Linde  Canada. 


2.1.  Choice  of  QGC  gasification  agent 

The  choice  of  a  gasification  agent  for  the  QGC  method  was  based 
on  thermodynamic  equilibrium  calculations  and  on  the  practicality 
of  measuring  evolved  carbonaceous  species.  Equilibrium  calcula¬ 
tions  helped  determine  both  the  gasification  temperature  and  the 
propensity  for  NiO  formation  from  exposure  to  the  gasification 
agent.  Chemical  equilibrium  constants  for  carbon  gasification  re¬ 
actions  (Table  1)  and  NiO  producing  reactions  (Table  2)  were 
calculated  using  Matlab  R2008b  as  a  front-end  for  the  publicly 
available  NASA-CEA  equilibrium  solver  [27],  C(gr)  represents 
graphite,  and  C(s)  represents  all  solid  phase  carbon. 

In  addition  to  the  thermodynamic  equilibrium  calculations,  the 
oxidation  kinetics  of  carbon  and  nickel  were  evaluated  to  test  the 
viability  of  02  as  a  QGC  gasification  agent.  90  mg  of  graphite 
powder  and  39.8  mg  of  nickel  powder  were  used  in  the  TGA.  Nickel 
powder  was  produced  by  pre-reducing  NiO  powder  (Novamet) 
with  a  D50  size  by  volume  of  16  pm  in  a  tube  furnace.  The  graphite 
powder  used  (Alfa  Aesar)  falls  in  a  sieve  fraction  of  171-841  pm. 
The  temperature  in  the  TGA  was  ramped  to  900  °C  at  1  °C  min  ' 
with  an  air  flow  rate  of  200  seem. 


Table  2 

Reactions  that  generate  NiO. 

(1)  Ni  4-  C02  =►  NiO  +  CO 

(2)  2Ni  +  C02  =»  2NiO  +  C(s) 

(3)  Ni  +  CO  =*  NiO  +  C(s) 

(4)  2Ni  +  02  =>  2NiO 

(5)  Ni  +  H2Q  ^  NiO  +  H2 
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Fig.  1.  Schematic  of  configuration  used  to  validate  QGC  method. 


2.2.  Chemical  reversibility  of  deposited  carbon  after  100  h 

In  order  for  the  QGC  method  to  correlate  deposited  carbon  with 
changes  in  cell  performance,  all  deposited  carbon  must  be  remov¬ 
able  for  complete  characterization,  even  after  significant  residence 
times  (e.g.  100  h).  Chemical  reversibility  tests  (named  in  the  fuel 
cell  context  where  electrochemical  reversibility  is  also  possible) 
were  performed  in  the  TGA  using  slices  of  1/6  button  half-cells 
(anode-electrolyte  structures)  directly  suspended  from  a  gold 
wire.  The  button  half-cells,  produced  elsewhere  [28],  consisted  of  a 
Ni/YSZ  support,  Ni/ScSZ  anode  functional  layer,  and  ScSZ  electrolyte 
(total  thickness  1  mm).  The  sample  mass  was  measured  ex  situ 
before  and  after  testing  in  the  TGA.  The  schematic  of  the  setup  is 
shown  in  Fig.  1  (water  injection  assembly  and  CO  analyzer  were  not 
used  for  the  chemical  reversibility  experiment).  Each  sample  was 
suspended  and  heated  to  the  intended  operating  temperature  (600 
or  700  °C)  at  5  °C  min”1  in  4%  H2/balance  N2.  The  H2  feed  rate 
controlled  by  the  auxiliary  gas  mass  flow  controller  (MFC)  was  then 
reduced  to  0.75  seem  while  the  N2  flow  rate  was  fixed  at  200  seem. 
When  the  balance  stabilized,  the  auxiliary  gas  was  switched  from 
H2  to  the  carbon  deposition  gas  (CH4,  C2H6,  or  CO).  The  low  con¬ 
centration  of  fuel  gas  (~0.4%)  resulted  in  an  accumulation  of  car¬ 
bon  over  100  h.  When  the  deposition  phase  was  complete,  the 
gasification  agent  (C02  or  H2)  was  introduced.  The  experimental 
conditions  and  results  are  summarized  in  Table  3. 

2.3.  Validation  of  the  QGC  method 

Validation  of  the  QGC  method  was  performed  in  the  TGA  using 
anode  supported  button  cell  chips  in  a  170  pi  alumina  crucible 
suspended  from  a  gold  wire  with  a  CO  analyzer  coupled  to  the 
exhaust.  Anode  supported  button  half-cells  were  purchased  from 
the  Ningbo  Institute  of  Materials  Technology  and  Engineering 


(N1MTE)  and  chipped  with  pliers  to  form  pieces  that  fit  inside  the 
crucible.  The  cells  consist  of  a  ~385  pm  thick  nickel  and  YSZ  sup¬ 
port,  ~10  pm  nickel  and  YSZ  functional  anode  layer,  and  ~20  pm 
YSZ  electrolyte.  The  schematic  of  the  setup  used  for  QGC  validation 
studies  is  depicted  in  Fig.  1.  The  chipped  NIMTE  half-cell  was  ram¬ 
ped  to  700  °C  in  4%  H2/balance  N2  and  reduced  overnight  (12  h). 
Carbon  was  deposited  on  the  reduced  cell  by  switching  the  auxiliary 
gas  from  H2  to  CH4  until  5-20  mg  of  carbon  was  deposited.  Then  the 
auxiliary  gas  was  switched  back  to  H2  for  ~30  min,  and  dry  N2:H2 
(290:10  seem)  was  turned  on  to  help  purge  the  TGA  furnace  of  CH4 
while  preserving  the  carbon  [29],  When  the  TGA  mass  signal  sta¬ 
bilized,  the  injector  valve  was  actuated  to  bubble  humidify  the 
N2:H2  mixture.  The  experiment  was  terminated  when  the  mass 
signal  stabilized  after  gasification  was  complete.  Excess  liquid  from 
bubble  humidification  was  separated  using  a  liquid  trap.  The 
pumping  rate  of  the  CO  analyzer  is  fixed  (~1000  ml  min-1),  and 
therefore,  external  air  is  drawn  in  with  the  CO-rich  sample  stream 
exiting  the  TGA,  since  the  flow  rate  of  the  sample  stream  was  lower 
than  the  fixed  flow  rate  of  the  analyzer.  The  flow  rate  and  concen¬ 
tration  values  read  by  the  CO  analyzer  were  calibrated  directly 
before  performing  the  validation  run. 

2.4.  In  situ  measurement  of  carbon  deposition 

For  further  validation  of  the  QGC  method,  in  situ  carbon  depo¬ 
sition  measurements  were  performed  on  full  NIMTE  button  cells 
using  a  gas  delivery  system  and  button  cell  sample  holder  produced 
in-house.  The  sample  holder  was  heated  in  a  Carbolite-VST  vertical 
split  tube  furnace.  High  humidity  was  generated  with  a  Bronkhorst 
liquid  mass  flow  controller  and  custom-built  evaporator.  The  cells 
were  sealed  to  the  sample  holder  using  Flexitallic  Thermicullite® 
866  vermiculite  gaskets.  The  temperature  of  the  cell  was  deter¬ 
mined  by  a  thermocouple  that  resides  ~4  mm  axially  from  the 
cathode  surface.  During  the  CH4  exposure,  the  furnace  temperature 
was  increased  to  compensate  for  cooling  due  to  steam  reforming  in 
order  to  keep  the  cell  thermocouple  reading  constant.  A  flow  rate  of 
20  seem  N2  was  used  at  the  cathode  during  carbon  deposition  to 
prevent  unintended  carbon  gasification  by  air  crossover  or  elec¬ 
trochemical  removal  of  carbon  by  O2-  ions.  After  CH4  and  H20 
exposure  for  10  h,  the  cell  was  purged  of  CH4  and  H20  using  N2  and 
H2  at  195  &  5  seem,  respectively,  for  30  min.  Then,  carbon  was 
gasified  with  bubble  humidified  N2  and  H2  at  290  &  10  seem, 
respectively. 

3.  Results  and  discussion 

3.1.  Choice  of  gasification  agent 

02,  C02,  H2,  and  H20  are  all  known  to  have  the  ability  to  gasify 
solid  carbon  on  nickel  [4,16,30,31],  H20  and  C02  are  commonly 
studied  in  the  gasification  of  coal  and  char  [32—34],  An  important 
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Fig.  2.  a)  Gibb's  free  energy  and  b)  equilibrium  constants  for  NiO  producing  reactions  listed  in  Table  2. 


characteristic  of  the  gasification  agent  is  that  it  must  not  re-oxidize 
nickel.  Re-oxidation  of  nickel  changes  the  morphology  of  the  nickel 
cermet  and  potentially  degrades  cell  performance  [26,35,36]. 
Nickel  in  SOFC  anodes  has  been  observed  to  re-oxidize  under  high 
fuel  utilization  conditions  where  the  gas  mixture  contains  high 
levels  of  C02  and  H20  [37], 

The  results  of  Gibb's  free  energy  and  thermodynamic  equilib¬ 
rium  calculations  for  NiO  producing  reactions  are  shown  in  Fig.  2. 
Note  that  the  equilibrium  solver  was  not  able  to  converge  at  tem¬ 
peratures  lower  than  460  °C  for  reaction  2.  In  general,  the  reactions 
listed  in  Table  2  are  endothermic  in  the  range  of  0—1000  °C  with  the 
exception  of  reaction  3  below  ~400  °C  and  reaction  4.  Based  on  the 
thermodynamic  equilibrium  calculations,  C02,  CO,  and  FI20  will  not 
create  a  significant  amount  of  NiO  at  SOFC  operating  temperatures. 
However,  for  reaction  4,  NiO  formation  is  thermodynamically 
favored  with  an  increasing  propensity  at  lower  temperatures, 
similarly  to  oxidation  of  graphite  with  02  [30]. 

02  was  eliminated  as  a  gasification  agent  because  the  kinetics  of 
nickel  oxidation  is  faster  than  that  of  graphite  oxidation  (Fig.  3). 
Robinson  et  al.  [38]  observed  oxidation  of  Ni  nanocrystallites  at 
approximately  320  °C,  similarly  to  the  observation  of  the  TGA 
experiment  here.  Although  oxidation  rates  are  largely  controlled  by 
particle  sizes  [39],  this  TGA  experiment  confirmed  previous  results 
that  nickel  in  an  SOFC  would  be  susceptible  to  rapid  oxidation  if  02 
were  used  as  a  gasification  agent  for  the  cell  microstructure  used. 

The  equilibrium  constants  for  the  carbon  gasification  reactions 
3—6  are  shown  in  Fig.  4.  Reactions  3-5  favor  the  products  at  high 
temperatures,  while  the  methanation  reaction  favors  products  at 
low  temperatures.  The  plots  intersect  unity  at  approximately  533, 


Fig.  3.  Comparison  of  Ni  and  graphite  oxidation  using  the  TGA. 


617, 660,  and  670  °C  for  the  steam  gasification  (product  C02),  steam 
gasification  (product  CO),  methanation,  and  reverse  Boudouard 
reactions,  respectively.  The  reverse  Boudouard  and  steam  gasifi¬ 
cation  reactions  are  better  suited  for  gasification  at  T  >  700  °C, 
where  they  have  faster  kinetics  and  are  increasingly  product 
favored,  in  contrast  to  the  methanation  reaction,  which  is  less 
favored  at  T  >  700  °C. 

Although  theoretically,  C02,  H2,  and  H20  can  all  be  used  for  safe 
gasification  of  carbon,  the  choice  of  an  ideal  gasification  agent  for 
the  QGC  method  depends  on  the  method  used  to  measure  the 
products.  H2  has  the  advantage  of  acting  as  a  fuel  and  oxidation 
preventative  while  gasifying  carbon  on  an  operating  SOFC,  but 
ppmv  level  detection  of  methane  is  difficult  in  a  mass  spectrometer, 
because  fractions  of  water  (that  are  continuously  recycled  within 
the  vacuum  chamber)  pollute  the  signal  at  m/z  —  16,  where 
methane  is  measured.  C02  gasification  is  fast  at  700  °C,  C02  is  easy 
to  feed,  and  low  levels  of  CO  can  be  easily  measured  using  a 
nondispersive  infrared  (NDIR)  CO  analyzer,  but  low  percent  levels 
of  H2  (fed  with  C02  to  prevent  the  02  impurities  from  oxidizing  the 
nickel)  cause  the  reverse  water-gas  shift  reaction  to  generate  CO 
and  skew  the  measurement.  Using  steam  as  a  gasification  agent 
circumvents  the  problem  of  the  water-gas  shift  reaction,  but  can 
result  in  both  CO  and  C02  as  products  (indicated  in  Fig.  4),  and  it  can 
be  difficult  to  feed  because  of  its  low  temperature  condensation 
point.  Nonetheless,  if  the  ratio  of  CO:C02  in  the  product  stream  is 
high  due  to  gasification  kinetics,  H20  is  the  best  choice  for  gasifi¬ 
cation  agent  because  CO  is  easily  detected  and  quantified  using  an 
NDIR  CO  analyzer.  Furthermore,  unlike  H2  gasification,  the  reaction 
rate  can  be  increased  by  raising  the  gasification  temperature. 
Gasification  rates  for  each  of  the  reactants  H2,  C02,  and  H20  were 
further  analyzed  by  100  h  chemical  reversibility  testing. 

3.2.  Chemical  reversibility  of  deposited  carbon  after  100  h 

Carbon  diffusion  into  bulk  nickel  metal  is  intrinsic  to  the 
mechanism  that  forms  vermicular  carbon,  Cv,  and  causes  metal 
dusting  [3,5,40,41  ].  When  carbon  is  trapped  beneath  the  surface  of 
the  metal,  the  area  of  carbon  exposed  to  the  pore,  where  potential 
gasification  agents  can  remove  it,  is  decreased.  Furthermore,  when 
carbon  diffuses  into  nickel,  the  nickel  metal  helps  to  catalyze  the 
formation  of  a  morphology  of  carbon  that  has  a  higher  crystallinity 
and  stability  than  carbon  deposits  formed  on  the  surface.  Carbon  in 
this  state  is  more  difficult  to  remove  than  other  forms,  such  as  Ca  or 
Cv.  Theoretically,  both  reduced  access  to  gasification  agents  and 
high  carbon  crystallinity  should  decrease  the  reversibility  of  the 
carbon  deposit.  The  time  dependent  nature  of  diffusion  also 
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Fig.  4.  Equilibrium  constants  for  carbon  gasification  reactions  from  a)  0-1000  °C  and  b)  500-800  °C.  Equilibrium  constant  for  gasification  using  02  was  too  large  to  properly 
converge. 


suggests  that  there  would  be  a  higher  amount  of  irreversible  carbon 
(unremovable)  after  longer  exposures  to  carbonaceous  fuel 
mixtures. 

A  complete  summary  of  the  change  in  mass  over  time  during 
carbon  deposition  and  gasification  is  shown  in  Fig.  5.  The  gap  seen 
in  Fig.  5a  during  carbon  deposition  is  due  to  an  unexpected  restart 
of  the  TGA  control  computer.  However,  the  TGA  conditions  were 
unaltered  by  the  shutdown  and  a  new  datafile  was  restarted  to 
finish  the  test.  The  plot  was  stitched  together  by  knowing  the 
shutdown  time  and  linear  extrapolation  from  the  deposition  rate 
before  the  shutdown.  Also,  in  Fig.  5c,  the  carbon  deposition  rate  was 


Fig.  5.  Summary  of  carbon  deposition  and  gasification  results  for  100  h  chemical 
reversibility  testing  for  carbon  deposition  from  (a)  CH4,  (b)  CO,  and  (c)  C2H6.  Conditions 
for  each  test  are  summarized  in  Table  3.  Each  plot  is  labeled  by  the  operating 
temperature  in  °C,  carbon  deposition  gas,  and  gasification  agent,  respectively.  Carbon 
mass  is  normalized  by  the  total  mass  of  the  reduced  sample.  Note  the  different  scale  for 
plot  (c). 


so  high  that  the  C2H6  flow  rate  was  reduced  to  prevent  the  sus¬ 
pended  sample  from  falling  due  to  bulk  expansion  of  the  porous 
nickel.  Nonetheless,  the  electrolyte  of  the  cell  in  Fig.  5c  was  severely 
cracked  and  irreversibly  damaged.  The  mass  changes  in  Fig.  5  are 
normalized  by  the  mass  of  the  reduced  samples  before  exposure  to 
carbon.  Ideally,  the  surface  area  of  the  nickel  should  be  used  for 
normalization;  however,  pulsed  CO  chemisorption  experiments 
(not  shown)  were  not  sensitive  enough  to  measure  the  low  surface 
areas  of  the  nickel  in  the  samples. 

In  general,  all  half-cell  slices  experienced  a  trend  of  decreasing 
rate  of  carbon  formation  over  the  100  h  period.  This  observation  is 
in  agreement  with  the  one  by  Refs.  [4,42],  who  explained  the  trend 
as  a  result  of  increasing  encapsulation  of  nickel  by  carbon.  Another 
observation  is  that  the  methane  experiments  2-4  in  Fig.  5a  had 
identical  deposition  atmospheres  but  different  temperatures  and 
ended  up  with  similar  levels  of  carbon  after  100  h.  Furthermore, 
experiment  1,  which  used  a  slightly  higher  methane  feed  rate  of 
1  seem,  deposited  a  higher  level  of  carbon  than  experiments  2-4.  At 
low  CH4  partial  pressures,  it  is  apparent  that  carbon  deposition 
rates  are  more  sensitive  to  the  CH4  partial  pressure  than  to  tem¬ 
perature.  The  trends  in  carbon  deposition  from  C2H6  are  similar  to 
those  from  CH4;  however,  at  700  °C,  there  are  nearly  linear  carbon 
formation  rates  in  the  last  50  h  of  carbon  deposition.  Carbon 
deposition  rates  from  C2H6  are  also  more  sensitive  to  temperature 
than  those  from  CH4.  It  has  been  proposed  that  carbon  deposition 
on  Ni/YSZ  cermets  from  C2H6  occurs  as  a  result  of  both  heteroge¬ 
neous  and  homogeneous  decomposition  [43], 

Carbon  deposition  rates  from  CO  were  linear  over  a  longer  range 
of  time  than  carbon  deposition  from  hydrocarbons,  as  seen  in 
Fig.  5b.  Carbon  deposition  from  CO  requires  fewer  active  nickel  sites 
per  molecule  of  CO  than  carbon  deposition  from  hydrocarbons,  and 
therefore  is  less  sensitive  to  encapsulation  [44],  The  total  amount  of 
carbon  from  CO  at  700  °C  was  the  lowest  of  all  experiments,  which 
is  primarily  a  result  of  the  Boudouard  reaction  being  reactant 
favored  at  700  °C  (Fig.  4). 

Referring  to  Table  3,  in  general,  greater  than  99.8%  of  deposited 
carbon  could  be  removed  by  H2  and  CO2  at  700  °C.  Experiments  1, 3, 
5, 6,  and  8  all  saw  negative  weight  changes  that  might  suggest  that 
nickel  particles  separated  from  the  bulk  by  metal  dusting  and 
dropped  from  the  suspended  sample.  This  hypothesis  was  further 
explored  in  another  test  in  which  the  reduced  sample  was  broken 
up  to  fit  completely  within  an  alumina  crucible.  However,  a  nega¬ 
tive  weight  change  was  still  observed.  It  could  also  be  explained  by 
anodes  that  were  incompletely  reduced  or  by  the  precision  of  the  ex 
situ  balance.  The  exact  cause  remains  unclear. 
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Chen  et  al.  [45]  and  Novosel  et  al.  [46]  both  observed  vermicular 
carbon,  encapsulating  carbon,  carbon  diffused  into  bulk  nickel,  and 
a  shift  towards  less  surface  carbon  at  higher  temperatures.  Greater 
than  99.8%  of  carbon  gasified  after  100  h  suggests  that  carbon  is  not 
trapped  in  the  bulk  of  the  nickel.  Either  carbon  can  rapidly  diffuse 
to  the  surface  or  most  of  the  carbon  deposit  resides  near  the  sur¬ 
face.  It  is  also  possible  that  a  relatively  small  amount  of  carbon  is 
trapped  in  the  bulk,  with  its  weight  masked  by  the  mechanism  that 
causes  the  negative  weight  change. 

Several  results  were  observed  from  the  gasification  phase  of  the 
experiments.  In  general,  gasification  rates  rose  very  rapidly 
(achieving  maximum  gasification  rate  in  less  than  1  min)  and 
decayed  slowly  as  the  carbon  was  removed.  For  CO2  at  700  °C, 
complete  gasification  occurred  in  ~2-4  h,  and  the  peak  gasifica¬ 
tion  rates  ranged  from  ~  0.2—2  mg  min-1.  Whereas  with  CO2  at 
600  °C,  complete  gasification  did  not  occur  within  2—4  h  unless  the 
temperature  was  increased  to  700  °C,  where  the  reverse  Boudouard 
reaction  is  more  favored.  Interestingly,  a  second  peak  in  the  gasi¬ 
fication  rate  (with  lower  magnitude  than  the  primary  peak) 
occurred  ~1—  2  h  after  the  primary  peak  for  samples  1  &  8.  This 
result  may  be  due  to  the  opening  of  pore  space  that  allows  better 
access  to  trapped  carbon.  It  could  also  be  the  result  of  surface  car¬ 
bon  (vermicular  or  otherwise)  being  gasified  first,  while  carbon 
that  diffused  into  the  bulk  nickel  must  diffuse  back  to  the  surface 
before  gasification. 

Gasification  with  4%  H2  yielded  very  low  gasification  rates 
(<4  x  10-3  mg  min-1).  In  experiments  3  and  4,  complete  gasifi¬ 
cation  required  more  than  20  h.  However,  the  work  of  Trimm  and 
Bernardo  [16]  showed  the  methanation  reaction  rate  to  be  equal  to 
or  greater  than  CO2  gasification  rates  between  650  and  700  °C.  To 
see  how  the  concentration  of  H2  affects  the  methanation  rate,  two 
tests  (at  600  &  700  °C)  were  conducted  in  the  TGA  using  100%  H2  as 
a  gasification  agent.  After  verifying  that  the  TGA  was  leak  tight, 
15.56  and  17.45  mg  (4.6  &  5.2%  weight  gain)  of  carbon  were 
deposited  at  700  and  600  °C,  respectively.  Both  carbon  deposits 
were  completely  gasified  and  the  gasification  rates  peaked  at  1.07 
and  0.92  mg  min-1  at  700  and  600  °C,  respectively.  This  result 
demonstrates  that  the  low  gasification  rates  observed  with  4%  H2 
were  due  primarily  to  the  low  concentration  of  H2.  Additionally, 
experiments  3  and  4  also  show  that  N2  with  low  concentrations  of 
H2  (<1  vol%)  works  well  to  preserve  carbon  deposited  in  the  cell. 

3.2.1.  Carbon  deposition  from  the  homogeneous  Boudouard 
reaction 

In  Fig.  5b  it  can  also  be  seen  that  both  experiments  appear  to 
leave  carbon  ungasified  despite  the  ex  situ  masses  having  negative 
mass  changes.  In  these  two  cases,  the  Boudouard  reaction  pro¬ 
ceeded  homogeneously  and  deposited  carbon  on  the  gold  sus¬ 
pension  wire  that  was  not  removed  by  CO2  gasification.  To  further 
explore  this  result,  two  tests  were  performed  using  the  same  gold 
suspension  wire  with  an  empty  alumina  crucible  hanging  from  it. 
The  temperature  was  ramped  to  800  °C  at  3  °C  min-1  while  flowing 
gas  mixtures  containing  CO.  The  conditions  and  results  are  seen  in 
Table  4. 

In  both  experiments,  the  mass  began  to  increase  at  approxi¬ 
mately  400  °C.  Even  more  interesting  is  that  the  addition  of  H2 
increased  the  total  amount  of  carbon  deposited  by  approximately  a 


Table  4 

Homogeneous  Boudouard  reaction  TGA  experiments. 

Test  Gas  Flow  rates  Weight  Conversion  [%] 

ID  [-]  composition  [-]  [seem]  gain  [mg] 

1  N2:C0  200:15  0.05  4.78 

2  N2:C0:H2  195:15:5  0.169  16.17 


factor  of  three.  Such  an  increase  has  been  experimentally  observed 
on  nickel  based  anode  materials  [21],  Density  functional  theory 
(DFT)  calculations  have  shown  that  a  COH  intermediate  reduces  the 
activation  energy  required  at  nickel  step  sites  [47,48],  However,  it  is 
unclear  how  hydrogen  may  accelerate  the  homogeneous  Bou¬ 
douard  reaction.  Nonetheless,  carbon  precipitating  from  homoge¬ 
neous  reactions  on  the  SOFC  test  fixture  surfaces  surrounding  the 
cell  causes  QGC  measurements  to  read  higher  amounts  of  carbon 
than  were  deposited  on  the  cells  due  to  gasification  of  some  of  the 
non-cell  carbon.  Gasification  of  non-cell  carbon  may  only  be 
partially  complete  due  to  lack  of  a  catalyst.  Decomposition  of  higher 
hydrocarbons  (ethane,  propane)  may  present  similar  problems. 

3.3.  Validation  of  the  QGC  method 

The  accuracy  of  the  QGC  method  must  be  evaluated  before 
performing  in  situ  measurements.  Calculated  QGC  measurement 
uncertainties  are  only  controlled  by  the  measurement  uncertainties 
of  a  volumetric  flow  meter  [49],  There  are  a  number  of  things  that 
can  affect  the  accuracy  of  the  QGC  validation  experiment.  First,  if 
the  TGA  is  not  properly  flushed  of  residual  CH4  from  the  deposition 
step,  steam  reforming  can  occur  and  generate  higher  than  expected 
CO  levels.  Second,  calibration  of  the  CO  analyzer  is  critical  because  it 
can  cause  an  underestimation  or  overestimation  of  gasified  carbon. 
For  example,  the  calibration  is  affected  by  the  purity  of  the  cali¬ 
bration  gas.  Calibrations  with  a  CO  bottle  near  expiration  caused 
carbon  measurements  that  were  higher  than  expected  based  on  the 
TGA  measurements.  Calibration  using  a  fresh  1%  CO/balance  N2 
mixture  cylinder  gave  improved  results.  The  mass  flow  rate  of 
carbon  (mg  min-1)  passing  through  the  CO  analyzer  is  calculated 
using  Equation  (1). 

Here,  V  is  the  volumetric  flow  rate  at  standard  conditions  (0  °C, 
101.3  kPa)  through  the  analyzer  in  seem  (calibrated),  pc 0 
(1.249  mg  ml-1)  is  the  density  of  carbon  monoxide  at  standard 
conditions,  Cco  is  the  concentration  of  CO  in  ppmv  (calibrated),  and 
MMc  and  MMco  are  the  molar  masses  of  carbon  and  carbon 
monoxide,  respectively.  With  Equation  (1),  the  CO  concentration 
and  flow  rates  recorded  as  a  function  of  time  were  directly 


Time  [min] 

Fig.  6.  QGC  validation:  comparison  of  the  first  derivative  of  the  TGA  mass  signal  and 
the  calculated  carbon  removal  rate  from  the  evolution  of  CO  as  measured  by  the  CO 
analyzer. 
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converted  into  a  mass  flow  rate  versus  time  that  could  be  numer¬ 
ically  integrated  to  find  the  total  amount  of  gasified  carbon. 

Very  good  agreement  between  the  first  derivative  of  the  TGA 
mass  signal  and  the  calculated  carbon  gasification  rate  from  the 
evolved  CO  was  obtained,  as  can  be  seen  in  Fig.  6.  The  first  deriv¬ 
ative  of  the  mass  signal  was  generated  in  the  TGA  software  (Calisto 
Processing  vl.077)  using  a  derivative  filter  of  60  s.  The  CO  con¬ 
centration  and  flow  rate  signals  from  the  CO  analyzer  were  used  to 
compute  the  gasification  rate  of  CO  using  Equation  (1).  For  the 
purpose  of  comparison,  the  signals  were  aligned  by  their  respective 
rapid  inclines  at  the  beginning  of  the  gasification  step. 

The  change  in  mass  calculated  in  the  TGA  was  10.328  dfc 
0.00002  mg,  and  numerical  integration  of  Equation  (1 )  resulted  in  a 
value  of  9.89  ±  0.20  mg.  The  value  calculated  by  the  QGC  method 
was  approximately  4.3%  lower  than  the  TGA  value.  Theoretically, 
the  remaining  carbon  may  have  evolved  as  CO2,  particularly  in  the 
time  between  100  and  150  min  where  the  CO  signal  is  lower  than 
the  TGA  derivative.  Because  any  CO2  evolving  from  the  cell  was 
found  from  the  results  in  Fig.  6  present  at  a  concentration  of  less 
than  5%,  it  is  proposed  that  the  kinetics  of  CO2  production  from  CO 
(heterogeneous  or  homogeneous)  are  slow,  despite  thermody¬ 
namic  equilibrium  calculations  suggesting  that  CO2  is  the  dominant 
product  over  CO.  The  H2  content  of  the  bubble  humidified  gasifi¬ 
cation  agent  (N2:H2:H20)  might  also  convert  produced  CO2  back  to 
CO  via  the  reverse  water-gas  shift  reaction.  Finally,  it  was  observed 
that  H2O  was  capable  of  complete  gasification  of  carbon  deposited 
on  nickel,  similarly  to  the  observations  from  the  100  h  chemical 
reversibility  experiments.  In  kinetic  studies  of  the  carbon  deposi¬ 
tion  and  gasification  rates,  coincident  measurement  of  evolved  CO2 
with  CO  would  be  required.  However,  when  using  the  QGC  method 
for  detecting  the  existence  of  carbon  in  situ  to  find  a  boundary 
between  carbon  and  no-carbon  precipitating  gas  mixtures,  the 
method  was  shown  to  be  valid. 

3.4.  In  situ  measurement  of  carbon  deposition 

To  illustrate  the  use  of  the  technique,  in  situ  carbon  deposition 
experiments  were  performed  on  the  NIMTE  fuel  cells.  Fig.  7  shows 
the  results  of  in  situ  carbon  deposition  measurements  at  700  °C  for 
varying  S/C  ratios.  The  measured  OCV  before  carbon  deposition 
ranged  between  1.112  and  1.116  V,  ~3— 7  mV  below  the  theoretical 
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Fig.  7.  In  situ  carbon  deposition  measurements  at  different  S/C  ratios  using  the  QGC 
method  at  700  °C.  The  dashed  line  represents  the  calculated  threshold  to  carbon 
deposition  based  on  thermodynamic  equilibrium. 


Nernst  potential.  Good  agreement  between  the  measured  OCV  and 
theoretical  Nernst  potential,  such  as  the  values  reported  here,  im¬ 
plies  both  accurate  temperature  control  and  minimal  mixing  be¬ 
tween  the  fuel  and  oxidant  compartments.  Carbon  was  detected 
both  below  and  above  the  carbon  deposition  boundary  S/C  =  1.183 
predicted  by  thermodynamic  equilibrium  calculations.  However, 
below  S/C  ~  1.28,  it  was  observed  that  increases  in  S/C  caused  de¬ 
creases  in  carbon  deposition.  Above  S/C  ~  1.28,  carbon  deposition  is 
suppressed  to  very  low  values,  and  the  S/C  has  less  of  an  effect  on 
carbon  deposition  compared  to  below  S/C  ~1.28.  Furthermore, 
carbon  deposition  cannot  be  fully  eliminated  within  the  range  of  S/ 
C  ratios  used.  It  is  conjectured  that  carbon  measured  at  S/C  >  1.28  is 
the  result  of  CO  and  CH4  concentration  gradients  created  by  the 
porosity  in  the  cermet  leading  to  locally  favorable  deposition  con¬ 
ditions.  It  is  also  conjectured  that  surface  carbon  is  trapped  at  an 
intermediate  stage  of  steam  reforming  due  to  the  removal  of  steam 
during  the  purge  step.  Further  exploration  of  carbon  deposition 
boundaries  will  be  performed  in  future  work. 

The  technique  can  be  applied  to  both  nickel-based  anodes  or 
anodes  with  other  compositions  in  studies  of  the  effect  of  modified 
microstructures  or  operating  conditions  on  coking.  It  can  also  be 
applied  to  anodes  with  compositions  that  are  modified  to  increase 
their  stability  against  coking  in  hydrocarbon  fuels.  Such  anodes,  for 
example,  may  include  both  anodes  with  lower  amounts  of  nickel  than 
in  standard  anodes,  such  as  copper  or  ceramic-based  anodes  with 
nickel  added  in  small  amounts  as  a  catalyst  but  not  as  the  percolated 
electronic  conducting  phase,  or  entirely  ceramic  or  copper-based 
anodes  without  any  nickel  added.  Such  studies  will  be  included  in 
future  applications  of  the  technique  introduced  in  this  work. 

3.5.  QGC  method  limitations 

It  is  important  to  note  that  the  accuracy  of  the  QGC  method  is 
dependent  on  the  intimacy  of  the  contact  between  the  catalyst  and 
deposited  carbon.  In  a  separate  set  of  experiments,  CO2  and  H2 
gasification  were  explored  with  graphite  powder,  a  dry  mixture  of 
nickel  and  graphite  powder,  and  nickel-coated  graphite  in  the  TGA. 
The  nickel  and  graphite  were  the  same  materials  as  described  in 
Section  2.1.  Ni  coated  graphite  powder  was  prepared  by  using  a 
Ni(N03)2  •  6H2O  (Alfa  Aesar)  solution  that  created  ~  26  wt%  (by  total 
mass)  Ni  metal  loading  after  decomposition.  Although  some  gasi¬ 
fication  occurred  with  all  samples,  none  of  them  experienced  a 
complete  gasification  of  carbon.  The  Ni-coated  graphite  powder 
sample  showed  the  highest  amount  of  gasified  carbon,  but  the 
gasification  mechanism  was  deactivated  before  all  carbon  could  be 
gasified.  Thus,  the  QGC  method  is  limited  to  gasification  of  Ca,  Cv,  or 
carbon  dissolved  in  the  catalyst  phase.  Carbon  that  results  from  the 
homogeneous  Boudouard  reaction  or  decomposition  of  higher  hy¬ 
drocarbons  (e.g.  C2H6  [43])  that  forms  on  non-catalyst  sites  has  a 
prohibitively  slow  gasification  rate. 

4.  Conclusions 

Carbon  deposition  is  a  critical  degradation  mode  for  SOFCs  that 
leads  to  changes  in  the  morphology  of  the  anode  and  irreversible 
damage.  Measuring  carbon  in  situ  is  integral  to  gaining  a  better 
understanding  of  how  changes  to  material  sets  and  operating 
conditions  can  prevent  carbon  deposition.  The  QGC  method  has 
been  developed  in  this  work  to  measure  carbon  deposition  in  situ. 
CO2,  H2,  and  H2O  all  have  the  capability  to  gasify  carbon  on  nickel 
without  the  formation  of  NiO;  however,  gasification  with  H20  is  the 
most  practical  for  the  QGC  method  because  the  resulting  CO  can  be 
accurately  measured  with  an  NDIR  CO  analyzer.  It  was  observed 
that  carbon  is  completely  gasified  only  when  it  is  deposited  on  a  Ni 
cermet  from  CO  or  hydrocarbon  decomposition.  It  was  also 
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observed  that  >99.8%  of  carbon  can  reside  on  the  Ni  in  the  anode 
for  up  to  100  h  and  still  be  gasified.  CO  is  the  dominant  product 
during  H20  gasification  of  carbon.  It  was  found  that  the  QGC 
method  resulted  in  a  carbon  deposition  measurement  that  was 
4.3%  lower  than  the  gravimetric  measurements,  which  is  suffi¬ 
ciently  accurate  for  resolving  carbon  deposition  boundaries  in 
SOFCs.  The  QGC  method  was  applied  to  measure  carbon  in  situ,  and 
significant  suppression  of  carbon  deposition  by  steam  was 
observed  at  S/C  >  1.28. 

A  number  of  future  research  opportunities  result  from  devel¬ 
opment  of  the  QGC  method.  Correlations  between  deposited  car¬ 
bon  content  and  performance  degradation,  electrochemical 
impedance  changes,  and  anode  morphological  changes  can  be 
observed.  The  QGC  method  can  also  be  used  to  study  the  amount  of 
carbon  required  for  electrolyte  fracture.  These  examples  and  others 
will  be  explored  in  future  work. 
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